Large-scale deployment of the renewable energy system in India is required to achieve a target of 175 GW of green electricity by 2022. Higher educational institutes with a lot of free areas can play a vital role in reducing the conventional energy consumption and carbon footprint. The main aim of this paper is to locate and analyze the feasibility of developing 100% solar PV based academic campus at MANIT -Bhopal, India. Annual electricity consumption of MANIT, Bhopal is analyzed and accordingly 5 MW capacity solar PV based captive plant is proposed. Free open space area of the campus including rooftop area is inspected through geographical coordinates utilizing the NASA surface meteorology data and Google SketchUp. The performance of the proposed solar campus is analyzed using PVSyst and Solar Advisory Model (SAM) software. The proposed plant at MANIT campus can generate around 8000 MWh per annum of electricity to meet the 100% energy requirements of the campus with the annual reduction of 73 318.0 tonnes of carbon footprint. Development and promotion of such sustainable green concepts will be a significant step towards transforming the academic campus into an energy efficient and environmentally sustainable community.
INTRODUCTION
India is one among various countries to ratify the 'Paris climate change agreement', which advocates generation of minimum 40% of electricity from non-fossil fuel sources. The current statistical data of India shows that there is a need for rapid transformation in the energy sector and this cannot be achieved using conventional methods. There is an ambitious target to generate 175 GW of renewable energy electricity by 2022, of which 100 GW of electricity is to be generated from solar energy [1] . Out of 100 GW solar energy, 40 GW would be through individual rooftop systems. There is an urgent need to employ renewable energy in every possible form and move toward the sustainable energy sector. Currently (as of 31 October 2016), India produces 8.53 GW electricity through solar power [2] .
Mahato et al. [3] showed the potential of India to transform to the renewable power sector. India has a large potential of solar energy and most of this energy can be comparably easily tapped for sustainable development of the nation as well as the world. Shukla et al. [4] compared the different technologies for residential PV plants and concluded that amorphous technologies give satisfactory performance ratio. As the first step of this development, Shukla et al. [5] performed the design and analysis of rooftop solar PV system for Hostel building at MANIT, and determined the payback period of 8.2 years. Similarly, Khatri [6] performed a financial assessment of solar PV plant for girls hostel building as a case study. Werulkar and Prakash [7] analyzed energy saving option of solar PV in the residential sector at Nagpur, which is comparatively near to Bhopal, India. Sharma and Kannan [8] proposed a rough path to reduce carbon footprints for an educational institute. Shiva Kumar and Sudhakar [9] validated the results obtained by PVSyst and PV-GIS software with the measured data of the performance of the Utility scale PV plant. Lee et al. [10] performed the economic analysis of the complete campus of new haven university. Raturi et al. [11] studied the grid connected PV system for Pacific island countries with a case study of 45 kWp GCPV system located at the University of the South Pacific (USP) marine campus in Fiji. Further, Dawn et al. [12] showed the recent developments of India in the solar energy sector. Therefore, for optimal results, c-Si panels are used for the techno-economic analysis purposes.
In the literature reported, there is either economic or technical analysis for a large or small-scale PV plant, but simultaneous technical and economic feasibility analysis based on simulation software Solar Advisory Model (SAM) and PVSYST has not been carried out yet. This research is aimed at fulfilling the research gap of comprehensive and complete feasibility analysis of solar campus which is missing in previous research. Also there is a scarcity of data related to the development of the sustainable green campus in India.This research work is carried out to address the gap in the research and propose sustainable MANIT campus through a case study.
METHODOLOGY

Geographical location of the site
Maulana Azad National Institute of Technology Bhopal (MANIT -Bhopal), is an Institute of National Importance under the MHRD, Government of India. It is part of the group of publicly funded institutions popularly known as National Institute of Technology. It is one of the largest NIT's in terms of a number of enrolled students and in terms of vast area [2] . The total area of campus is 650 acres. The entire campus consists of administrative and academic building, workshop, Library and community center, Residential accommodation for students and staff, Figure 1 . MANIT campus and sun path diagram [13, 14] . general amenities such as post office, Shopping complex, a School for children, dispensary, an auditorium with the capacity of 1000 persons and sports complex [2] . MANIT is situated geographically at Latitude -23.2599°N orth and Longitude -77.4126°East. The elevation from the sea level is~527 m. The sun path diagram at MANIT, Bhopal over the year, is shown in Figure 1 ( Table 1) .
Data collection
Annual energy consumption data and electricity bill of MANIT, Bhopal, is collected for the period 2015-16. The following parameters are analyzed:
• Duration of bill • KWH units used • KVAH units used • Various charges included • Taxes included • Net electricity bill in Indian National Rupees.
From these parameters, consumption pattern and average electricity charges are calculated. Due to the vast open area, there are ample spaces for the solar PV based captive power plant.
Captive solar PV based power plant
This section covers the significant aspects of the design and simulation of the PV system.The various components of the solar PV plant are shown in Figure 2 .
The grid connected solar PV system consists of the following components Tilt angle: The tilt angle proposed for the solar PV plant is equal to the latitude of the location, as it is best for the maximum absorption of the solar radiation. The latitude of the site, i.e. MANIT, Bhopal is 23.2499°, so the tilt angle is taken to be~23°. Solar module: There are different types of solar panels used in the industry. For the large-scale plant, polycrystalline modules are most commonly used. The solar module used for simulation is based on polycrystalline one. The manufacturer of this panel is taken to be Renesola, model -JC260M-24/Bbh-b. The array global power is 4999 W p at STC and 4498 W p at operating condition (at 50°C). Array operating characteristics (50°C) are U mpp 591 V and I mpp 7609 A. Degradation rate for the panel is taken to be 0.5%/year.
Inverters: Three number of 1500 KW rating are used for the 5 MW plant. The inverters used are manufactured by ABB Corporation, having a model -ULTRA 1500-TL-OUTD-2-US-690-M/S-DNVKEMA. The operating characteristics of the inverter are 470-900 V operating voltage. The unit nominal power is of 1500 kWac. There are 3 units of the inverter to be installed and the total power capacity is 4500 kWac.
Various subsystems and accessories: Mountings include structures on which panels, inverters and other accessories are placed. It includes also sub-station and its components like transformers, etc., which is essential for grid connection. DC/AC cables are required for connecting panels, inverter and to the grid.
Performance simulation of the plant
In this work two different software's are used to compare the simulation results obtained for the proposed 5 MW solar PV plant.
PVSyst: PVsyst V6.49 is a PC software package for the study, sizing and data analysis of complete PV systems. It deals with gridconnected, stand-alone, pumping and DC-grid (public transportation) PV systems, and includes extensive meteonorm and PV systems components databases, as well as general solar energy tools. It contains preliminary design and also projects detail design [15] .
'SAM' is a performance and financial model designed to facilitate decision making for people involved in the renewable energy industry. SAM makes performance predictions and cost of energy estimates for grid-connected power projects based on installation and operating costs and system design parameters that you specify as inputs to the model. It is also useful for simulation of various renewable systems [16] . Table 2 shows the various input data used for performance simulation.
Input data for simulation
The entire framework of the simulation study is illustrated in Figure 3 .
RESULTS AND DISCUSSION
Energy consumption pattern, plant capacity siting and sizing
For the purpose of analysis of energy consumption pattern, monthly electricity bill issued by the state electricity department are assessed for the financial year 2015-16. The total monthly energy consumption and instantaneous maximum demand of that month were taken for analysis. The average maximum requirement of the campus was determined.
Following important values are obtained from the data analysis:
• Average maximum demand -1096.733 KVA • Average power factor -0.901667
Figures 4 and 5 represent the energy consumption and maximum demand of MANIT. The energy consumption is minimum in the month of February and maximum in the months of May and June. Also in the months of May and June, the maximum demand recorded is the highest, whereas it is lowest in the month of August. There was a substantial variation in energy consumption and the average electricity charges/month, come out to be more that INR 8/kWh. MANIT, due to its large area and academic activity, requires a huge amount of energy and pays~30-60 lakh electricity bill with some seasonal variation. From the observed average values of maximum demand, Solar plant wattage was estimated.
• Average maximum demand in kW =(Average maximum demand in KVA)/(Power factor) =1096.733/0.901667 =1216.339 KW • Solar panel wattage required [4] =(Daily power required)/((Average sunlight hours) * (Performance ratio)) =16 125.35/(5.5 * 0.8) =3664.85 kW =3.664 MW Since, the requirement of MANIT is~3.664 MW, but to meet the total energy requirements and future growth, 5 MW solar PV based captive power plant is proposed. For 1 MW plant, the Table 3 . Area and plant generation capacity of each selected site. area needed is~5 acres, therefore for 5 MW plant, area needed is around 25 acres. MANIT has 650 acres of land and a lot of free areas is available within the campus. Figure 6 and Table 3 shows the proposed free area available in the campus which combinedly comes around 123.524 acres. Also, this land is unused and not included in the any of the developmental projects under consideration. So, for the requirement of electricity and self-sufficiency of the Institute, there is enough area available. Hence, the area is not a barrier for the captive solar PV plant. As shown, captive solar PV plant of around 24 MW can be installed in the campus [17] .
Performance results
PV SYST simulation
The panels are connected in a fashion of 19 modules in series and 1012 such strings in parallel. Therefore, total numbers of such modules are 19 228 in number. The total area occupied by the modules is 31 282 m 2 . The total area occupied by the cell is 28 076 m 2 , this is the area which actually absorbs the solar radiation. There are three inverters which can be used for the conversion of DC to AC. The capacity of these inverters is 1500 kWac. Therefore, the total inverter capacity is of 4500 kWac.The maximum energy supplied to the user is in the month of May, which is 278.2 MWh. The minimum energy supplied to the user is in the month of February which is 146.6 MWh. whereas the energy injected to the grid is maximum in the month of March which is 633.2 MWh and minimum in the month of July which is 288.4 MWh.
• System production produced energy: 8304 MWh/year As we can see in Figure 7 , normalized energy, i.e. kWh/kWp/ day is shown per month. The collection losses per day per month are also given and an average of the year is found to be 0.92 kWh/kWp/day. Similarly, system losses are also given and average comes out to be 0.13 kWh/kWp/day. The average of actually produced energy, which is inverter output is coming around 4.55 kWh/kWp/day. The average value of produced energy per month is found to be minimum in the month of August, which goes as low as just below 3 kWh/kWp/day, this is because of the rainy season and cloudy weather, but the losses are minimum in these months. The maximum produced energy is found to be in the month of March closely followed by April. In the month of March, produced energy is found to be just below 5.5 kWh/kWp/day. Figure 7 also shows the performance ratio of the system. It is a ratio of field yield to the reference yield. It shows the quality and efficiency of the system. The average performance ratio is found to be 0.812, i.e. 81.2%, which is considered good. The variation in performance ratio is very negligible, but lowest performance ratio is observed in the month of April. Results show that, the yearly load is 5819 MWh out of which 2500.3 MWh is supplied from the plant. Whereas 5803.3 MWh of electricity generated is fed into the grid. The maximum energy generation is observed in the month of March, whereas minimum energy generation is found to be in the month of August (Table 4) .
From Table 5 and Figure 8 , it is observed that the net electricity production is around 8304 MWh/year and this system does not supply completely to load or to grid. This is because, the software assumes that total load is distributed for every hour of the day for a complete month and solar energy is not available for 24 h a day. Around 5803 MWh is supplied to the grid and around 2500 MWh to the user, while it takes 3319 MWh from the grid.
3.2.2
Loss diagram over the whole year SAM simulation. To compare the performance, the plant performance is simulated using SAM with all the parameters and components same as that of PVSyst simulation.There are various characteristics of the array, which are obtained from the SAM simulation results, which includes total number of strings, modules per strings, etc. It was assumed that tilt angle is 23 degree, and system to be non-tracking. SAM took a total number of strings to be 873 and total 22 modules per string. DC losses are taken to be 4.4%. The summary of the array characteristics is shown in Table 5 . The total number of solar panels is 19 206, and total area occupied by panels is found to be 31 248 m
2
. The DC to AC capacity ratio is taken to be 1.11, whereas AC losses (%) are taken to be 1.0.
After simulation, software predicts the results for complete life, but mainly results of the first year are shown in Table 6 . Total DC from one array is found to be 6.5 GWh and gross from the inverter is found 6.087 AC GWh, performance ratio is found to be 0.74, which is significantly lower than performance ratio found in PVSyst. Whereas, capacity factor is found to be 13.77.
The main results obtained from the SAM, includes the nominal levelized cost of energy which is calculated to be 5.727 R/kWh. Net present value of the plant is calculated to be R 481 370 000, i.e. 48 crores, and a payback period of the plant is 4.7 years. Figure 9 , shows the distribution of electricity from the system as well as to the grid. It is found that, electricity from the system is maximum in the month of May, nearly 800 MWh and minimum in the month of January, less than 400 MWh. It is shown that electricity to the load attached, is maximum in months of May and June, whereas minimum in the months of August and February. The interaction of the system with the grid is also shown in the figure. Electricity has to be taken from the grid in 5 months of the year and maximum is to be taken in the month of January, whereas it can be supplied to the grid in 7 months of the year and maximum in the months of March and April. The fourth part of the figure shows the net metering credits earned by the system by supplying electricity to the grid. It comes out to be maximum in the month of August which is more than 600 MWh, and minimum in the month of January, i.e. 0 MWh. Figure 10 shows the various losses considered for the system and are expressed in percentage. As indicated, total annual energy generated by the system is around 6026 MWh. Nearly, 220 MWh of energy is lost due to DC to AC conversion and transportation of electricity.
Economic analysis
The break-up of different costs based on the guidelines of Central Electricity Regulatory Commission (CERC), India is shown in Table 7 . The total yearly cost is coming out to be around 4.55 crore per year, with net investment including taxes is around 36 crore INR.
PVSyst
Energy cost and Economic Balance Sheet (PVSyst): The most important factor for the plant is the energy cost of the plant for feasibility. The plant will produce around 8304 MWh/year, out of which 5803 MWh/year will be sold to the grid. The cost of produced energy is coming out to be 5.48 INR/kWh. Figure 11 shows the cumulative balance of the total investment made by Institute and gains by installing the system. As we can see the total savings by the institute in the total life cycle of 25 years of the system is more than 93 crores, which can be seen from the long-term financial balance sheet. Table 8 shows the economic balance sheet of the plant. It is assumed that running cost will be 1 lakh per year. With the loan of 11.5%, institute has to pay 4.54 crore as an installment per year.
Whereas in the lifetime of 25 years, the institute will generate around R 938 894 000, which is a huge amount. Institute will sell~8.3 crores worth of energy equal to yearly rupees savings of around 3.75 crores. Figure 12 shows the cash flow of the system. It is shown that payback period of the system is around 4.2 years and total life cycle saving of the system in terms of cash is around 137 crores and yearly savings comes around 5.5 crores/year for 25 years.
Project costs summary (SAM)
SAM
Performance comparison
The results obtained are according to the same input parameters for both PVSyst and SAM. PVSyst is commonly used and therefore, it is considered as a benchmark. The slight difference in the results obtained is expressed in percentage as shown in Table 9 . The difference is may be due to basic assumption and formulae used by the software for calculation.
Here, PVSyst is giving higher power and performance ratio than SAM, which is around 27.43% in terms of power generated and around 8.86% in terms of performance ratio. In terms of investment, PVSyst is considering the investment of 3.55% higher than the SAM investment. SAM is predicting price per kW at 4.37% higher than PVSyst.
CO 2 reduction potential
Renewable energy system GHG emissions are attributed to the indirect emissions and do not cause any direct emissions [18] [19] [20] [21] . Solar PV GHG emissions are due to the energy spent during the manufacturing of the panels [19] . It is taken to be 9762.3T CO 2 for the given module and plant size. Therefore, based on Figure 13 , saved CO 2 emission is shown negative, i.e. it is initially emitting carbon and after that for total 25 years it is reducing carbon and it shows linearly increasing slope. Calculation of carbon balance is as follows: campus MANIT, Bhopal, India (one of the Institutes of National importance under MHRD, Govt of India) to become self-sufficient in terms of energy requirements. The present study has examined the technical and financial viability of the proposed plant by conducting detailed analysis using SAM and PVSYST. The following are the major conclusion from the study:
• This project is expected to produce 6 -8 GW of clean energy annually based on the SAM and PVSyst results. Since most of the energy needs of the Institute are in the daytime, i.e. during solar hours, the transmission losses can be greatly reduced.
• Through this initiative, Institute can earn around R 5 5 341 788-R 938 894 000 of Indian rupees yearly over the life of 25 years.
• This plant will be able to reduce 173 318.0 tCO 2 in its lifetime, which is a significant figure of mitigation of GHG emissions.
• Solar PV technology has a limited lifespan of 25 years. However this proposed capacity can be expanded in future as the campus has enough land area for commissioning of the plant.
• The proposed solar plant will be an ideal opportunity for the Insitute to support current Indian Government's target of achieving 175 GW of energy production by 2022. Selfsufficiency of the Institute campus will be a pioneering step in the context of sustainable development and India's contribution to the UN sustainable development goals 2015.
• Further research is to be done to validate the accurateness and predictability of the software with field data.
